Introduction
Formal biomonitoring programs for persistent, bioaccumulative, and/or toxic chemicals in fish tissues have been operated by the governments of Canada and the United States in the Great Lakes basin since the 1970's (Gewurtz et al., 2011a; McGoldrick et al., 2010) . At their onset, these programs directly supported commitments made in the Great Lakes Water Quality Agreement between Canada and the United States of America (GLWQA) to protect human health and the environment through cooperative and coordinated measures to reduce or eliminate releases of anthropogenic chemicals into the waters of the Great Lakes (GLWQA, 1978) . The objectives are to assess concentrations of harmful chemicals in fish as an indicator of ecosystem health and to infer potential harm to fish and fish consuming wildlife in the Great Lakes Basin. These commitments were reaffirmed under Annex 3 (Chemicals of Mutual Concern) of the 2012 protocol amending the GLWQA (GLWQA, 2012) . Lake Trout (Salvelinus namaycush) and Walleye (Sander vitreus) are targeted for biomonitoring. These species are large bodied and long lived piscivorous fish which occupy the highest trophic levels where they are found and thus tend to accumulate higher levels of persistent and bioaccumulative contaminants. These two species of fish are also valuable components of the commercial and recreational fishing industry in the Great Lakes Basin (Baldwin et al., 2009) .
The monitoring programs were historically focussed on measuring organochlorine pesticides (OCs) and polychlorinated biphenyls (PCBs). The measurements of these compounds in fish and other environmental compartments in the Great Lakes preceded the establishment of the Stockholm Convention on Persistent Organic Pollutants (POPs) by several decades and the data generated in the Great Lakes Region contributed to the establishment of the first list of substances, the so-called "dirty dozen", covered by the convention. These chemicals are well known in the public sphere and are the subject of many scientific publications from the Great Lakes (ex. Borgmann and Whittle, 1991; Carlson and Swackhamer, 2006; Chang et al., 2012; De Vault et al., 1996; Huestis et al., 1996; Morrison et al., 2002; Muir et al., 2004; Whittle and Fitzsimons, 1983; Whittle et al., 2000; Wong et al., 2003; Xia et al., 2012; Zananski et al., 2011) .
During the last decade, initiatives in both Canada, under the Chemicals Management Plan (CMP), and the United States, under the Great Lakes Restoration Initiative (GLRI), have expanded the list of chemicals being monitored. Routine monitoring and surveillance of contaminants in fish now include additional contaminants which have emerged or are of emerging concern to cause harmful impacts in the environment. Examples of these compounds include flame retardants, such as polybrominated diphenylethers (PBDEs), surfactants, such as perfluorooctane sulfonate (PFOS), and many other chemicals being used in a variety of consumer goods and personal care products.
As a result of increased monitoring in recent years, additional information on many chemical compounds have been generated. Some of these data have been reported in independent manuscripts and/or environmental indicator reports (See Supplemental Information) . This review summarizes all available data generated by Environment Canada and the United States Environmental Protection Agency for chemicals measured in whole body homogenates of Lake Trout and Walleye for the time period spanning 2008 to 2012 from each of the five Great Lakes, with the aim to provide an integrated picture of the current status of contaminant burden of upper trophic level fish in the Great Lakes Basin. The data summary presented can help to evaluate ongoing mitigation measures, guide the creation of environmental quality targets and inform decisions relating to what chemicals are of concern under agreements such as the GLWQA and Stockholm Convention.
Methods
All organic contaminant and mercury concentrations in whole body Lake Trout and Walleye generated from long term monitoring in the Great Lakes by Environment Canada (EC) and the United Stated Environmental Protection Agency (USEPA) between the years 2008 and 2012 were compiled (GLENDA [Great Lakes Environmental Data Base]; McGoldrick et al., 2010) . Some of these are reported, in whole or in part, in publications which contain specific analytical methodologies for each parameter group. These publications are listed as a bibliography in the supplemental information associated with this manuscript. All contaminants which were detected in less than 10% of measurements made between 2008 and 2012 were excluded from this assessment. The arithmetic means and standard deviations of the concentration for all remaining contaminants over the five year period were calculated. Means and standard deviations for contaminants with measured concentrations below the detection limits were estimated using the non-parametric KaplaneMeier method (Helsel, 2012) . All compounds included in this review are listed in Table 1 . Polychlorinated biphenyls (PCB) and polybrominated diphenyl ethers (PBDE) congeners were summed by homologue group denoted by the number of chlorine or bromine atoms in the congener. Co-eluting congeners of PCB with differing number of chlorine atoms were summed together as "Sum(co-eluting PCBs)". Other chemicals were also grouped into classes for summary purposes and are listed in Table 2 . As these programs measure contaminants in biological organisms, monitoring is also restricted to those contaminants which bioaccumulate and persist in fish tissues. The dataset is a compilation of all results for up to~1800 fish samples generated by the USEPA and Environment Canada. Not all contaminants were measured at all locations in each of the Great Lakes by both agencies. A complete list of chemicals measured, waterbody, and source agency is provided in Table 1 . Sample sizes for each contaminant and water body are provided in the supplemental information package (Tables S1eS5). The rankings presented are based on wet weight concentrations and are not weighted for the relative toxicities or effects they may exert on fish.
Results and discussion
All contaminants presented are the results of targeted analyses for chemicals and thus are not a complete reflection of the total contaminant burden of fish as there are likely many other known and unknown contaminants present in fish that are not included in the datasets. After excluding contaminants detected in less than 10% of measurements, there were 44 compounds or compound groupings remaining and included in further analyses (Table 1) .
Mercury
Although not an organic pollutant, mercury was included in the analysis as it is a global contaminant of concern and the consumption of fish is an important route of exposure to humans and wildlife. Mercury was the most abundant contaminant in fish from Lake Superior, second most in Lake Huron, fourth in lakes Michigan and Erie, and was the fifth most abundant contaminant in Lake Ontario (Figs. 1e5). Between 2008 and 2012, average concentrations of total mercury were highest in Lake Superior (233 ng/g) followed by Huron (168 ng/g), Michigan (148 ng/g), Ontario (124 ng/g), and Erie (121 ng/g). The pattern is consistent with atmospheric deposition being an important source of mercury to the Great Lakes and the relative importance of atmospheric inputs relative to other contaminant inputs to Lake Superior (Lepak et al., 2015; Jim enez et al., 2015; Monson et al., 2011; Pacyna et al., 2006) . Mercury levels in fish from the Great Lakes have generally declined from peak levels; however, the declines appear to have ceased in the 1990s and may be increasing at some locations, particularly in Lake Erie (EC & USEPA, 2014; Bhavsar et al., 2010; Monson et al., 2011) . At present, there are no binational targets for mercury concentrations in fish. The observed concentrations of mercury in fish are generally below levels of concern for the health of fish consuming wildlife that were established in the 1987 GLWQA of 500 ng/g (GLWQA, 1987) and are not responsible for the majority of consumption advisories in the Great Lakes basin .
Polychlorinated biphenyls (PCBs)
Polychlorinated biphenyls (PCBs) are bioaccumulative, persistent and toxic chemicals that were manufactured and used across the globe primarily as coolants and lubricants in electrical and other equipment. They were also widely used as plasticizers in products such as caulks, adhesives and paints (ATSDR, 2000) . The production, importation and most uses of PCBs were banned in both Canada and the USA by 1979 and PCBs were among the 12 initial persistent organic pollutants listed under Annex A of the Stockholm Convention. From 2008 to 2012, the sum of measured PCB congener concentrations (ƩPCBs) exceed all other contaminants in Great Lakes fish by a wide margin in all lakes except in Ontario and Superior (Fig. 6 ). The average concentrations of ƩPCBs were highest in fish from Lake Michigan (935 ng/g) followed by Ontario (692 ng/g), Huron (653 ng/g), Erie (625 ng/g) and Superior (372 ng/g). Of the 209 PCB congeners, the hexa-chlorinated biphenyls (hexaCB) were the most abundant followed by the pentaand hepta-chlorinated biphenyls (pentaCB & heptaCB) which comprised 65e80% of all PCBs measured in fish. These three PCB homologue groups in addition to co-eluting PCBs were regularly among the 10 most abundant compounds measured in fish from the Great Lakes (Figs. 1e5). HexaCB were the most abundant contaminant group in lakes Michigan, Huron and Erie, second most abundant in Lake Ontario and third most abundant in Lake Superior. Contamination levels across the basin reflect the historical and current levels of urbanization and industrial activities as well as the persistence of these compounds. Sources are now shifting from external to internal loadings of the large inventory of PCBs that accumulated in biota and sediments over the long period of use of these chemicals before restrictions and bans on use and production were imposed (Carlson et al., 2010; Zhang et al., 2009) . The levels of ƩPCBs in Great Lakes fish continue to decline at rates of 3e7% per year since the beginning of monitoring in the late 1970s (EC & USEPA, 2014). Despite long-term declines, PCBs still almost always exceed the target of 100 ng/g established for Great Lakes fish in the 1987 amendment to the Great Lakes Water Quality Agreement between Canada and the United States (GLWQA, 1987) . PCBs are a significant driver of fish consumption advisories in the Canadian Waters of the Great Lakes USEPA, 2015) . At present, binational environmental targets or guidelines for PCB levels in whole fish have not been established under the 2012 protocol amending the GLWQA.
Organochlorine pesticides (OC)
The most abundant organochlorine pesticides (OC) measured in Great Lake fish from 2008 to 2012 were DDT and its metabolites (DDE and DDD), chlordanes, toxaphene, and mirex. Similar to PCBs, organochlorine pesticides (OC) were widely used for a long period of time, exhibit persistence in the environment, and exert toxic effects on wildlife. Bans and restrictions on the use and manufacture of these compounds began in the early 1970's through to 1991 when all uses of these four compounds were restricted in both Canada and the USA (ATSDR, 1994 (ATSDR, , 1995 (ATSDR, , 2002 (ATSDR, , 2014 CCME 1999a,b; Environment Canada, 2013a; GLBTS, 2009 ). DDT and its metabolites DDE and DDD (ƩDDT) were the most abundant OC measured in Great Lakes fish in all lakes except Lake Superior. The highest average concentration was observed in Lake Ontario (280 ng/g) followed by Michigan (220 ng/g), Huron (130 ng/g), Superior (110 ng/g) and Erie (68 ng/g). At present, there are no binational targets for DDT and its metabolites in fish from the Great Lakes; however, observed concentrations were below the binational target set out in the 1987 amendment to the GLWQA of 1.0 mg/g but almost always exceed the tissue residue guideline for the protection of wildlife consumers of aquatic biota of 14 ng/g established by the Canadian Council of the Ministers of Environment (CCME) (CCME 1999a).
Average toxaphene concentrations in Lake Superior fish (230 ng/ g) are the highest in the basin followed by Michigan (78 ng/g), Huron (63 ng/g), Ontario (48 ng/g), and Erie (25 ng/g). There are no binational targets or guidelines for tissue residues in whole body fish established in the 2012 GLWQA. Observed levels exceed the Canadian tissue residue guideline for the protection of wildlife consumers of aquatic biota of 6.3 ng/g established by the CCME (CCME 1999b). The high levels of toxaphene in Lake Superior, relative to the other Great Lakes, reflects the importance of atmospheric transport as a source of toxaphene to the Great Lakes Basin, the importance of atmospheric deposition as a source of contaminants to Lake Superior, and the cold temperatures, slow sedimentation rates and long residence time of the lake (James et al., 2001; Muir et al., 2004; Swackhamer et al., 1998) .
Mirex is another OC with an uneven distribution in the Great Lakes Basin. Mirex is only measured at significant levels in fish from Lake Ontario where it is the 8th most abundant contaminant and the average concentration from 2008 to 2012 was 70 ng/g while levels in the other 4 lakes range from 0.5 to 3 ng/g. This pattern reflects historical inputs of mirex to Lake Ontario from manufacturing facilities near the Niagara River and the Oswego River watershed (EC, 2013a). The binational target for mirex levels listed in the 1987 GLWQA is that levels should be "substantially absent" from fish tissues and although declining (EC & USEPA, 2014), are of most concern in Lake Ontario.
The remaining OC compounds ranking in or near the top 10 in Great Lakes Fish are the chlordanes (sum of a-, g-chlordane, cisnonachlor, trans-nonachlor, and oxychlordane). Highest average concentrations of Ʃchlordane were observed in Lake Michigan (87 ng/g) followed by Superior (61 ng/g), Huron (55 ng/g), Ontario (40 ng/g), and Erie (19 ng/g). There are currently no binational targets for the levels of chlordane and its related compounds in the Great Lakes or for the protection of wildlife consuming aquatic biota. A recent investigation of long-term trends of chlordanes in fish from Lake Erie determined that levels were generally declining or stable and were not of concern (Ekram Azim et al., 2011). The basin-wide pattern for chlordanes in fish is similar to what is observed for toxaphene where levels are highest in the upper lakes and diminish as you move to Lakes Ontario and Erie. As discussed for toxaphene, the pattern likely reflects the variable importance of atmospheric inputs across the basin coupled with slower elimination/degradation rates in the upper lakes due to long residence times, cold temperatures and low sedimentation rates (Hafner and Hites, 2003; Jim enez et al., 2015; Swackhamer et al., 1998) . Many other OC are monitored and detected in Great Lakes fish and ranked in the top 40 contaminants on a mass basis. The compounds were present at lower concentrations (<30 ng/g) and are summarized in Figs. 1e5. The levels of OC compounds in Great Lakes fish continue to decline from levels observed at the onset of monitoring in the late 1970s (EC & USEPA, 2014; Chang et al., 2012; Ekram Azim et al., 2011; Xia et al., 2012) .
Siloxanes
Siloxanes are high production volume chemicals that are common ingredients in many personal care products, cosmetics, as well as industrial and dry cleaning fluids (Environment Canada and Health Canada, 2008a, b, c; Horii and Kannan, 2008; Wang et al., 2009) . The cyclic siloxanes known by their shortened acronyms D4, D5, and D6, have received recent regulatory interest (Brooke et al., 2009a, b, c; Environment Canada and Health Canada, 2008a, b, c) and have been detected in wildlife and fish in recent studies in several countries (Kaj et al., 2005; Kierkegaard et al., 2013; McGoldrick et al., 2014b; Warner et al., 2010) . There have also been several studies which investigated trophic magnification of these compounds and the verdict is inconclusive (Borgå et al., 2012 (Borgå et al., , 2013 Kierkegaard et al., 2011; McGoldrick et al., 2014a; Powell and Woodburn, 2009 ). In the Great Lakes, levels are generally lower than reported for fish from the Rhine River in Germany and higher than those reported in Scandinavia (McGoldrick et al., 2014b) . Of the cyclic volatile methylsiloxanes (cVMS) in Great Lakes fish, D5 is always found at higher levels than the other cVMS compounds and is highest in Lake Ontario (140 ng/ g), followed by Superior (76 ng/g), Erie (34 ng/g) and Huron (17 ng/ g). Siloxanes were only measured by Environment Canada and therefore there are no data for fish from Lake Michigan. Where measured, D5 was found at similar levels to PCBs, PBDEs, chlordanes and mercury ( Figs. 1e5) . Of the other cVMS compounds detected in fish, D4 and D6 were found at similar concentrations that were on average 4 to 20 times lower than D5 and D3 was measured above the detection limits in 70% of Great Lakes fish but at much lower concentrations ranging from 0.70 to 1.1 ng/g 131, 134, 135, 137, 138, 141, 146, 147, 149, 151, 153, 156, 157, 158, 163, 164, [167] [168] [169] [170] 172, 173, 174, 175, 176, 177, 179, 180, 183, 187, 189, 190, 191, [193] [194] 196, 197, 199, 200, 202, 203, 205 , 2014b) . Of these compounds, only D4 is listed as a toxic substance on schedule 1 of the Canadian Environmental Protection Act, 1999 (CEPA, 1999 as it was found to be harmful to the environment but was not entering the environment in quantities or concentrations that would endanger human health. Siloxanes are not regulated in the United States and there are no environmental objectives or guidelines for the levels of cVMS in fish in either Canada or the USA. Additional monitoring of siloxanes in fish is required to determine temporal trends of these compounds in the Great Lakes.
Polybrominated diphenyl ethers (PBDEs)
Polybrominated diphenyl ethers were, until recently, highly used as flame retardants in many consumer products (de Wit, 2002) . Widespread detection in the environment (de Boer et al., 2003; Luross et al., 2002 Luross et al., , 2000 as well as demonstrated toxic effects (Eriksson et al., 2001 (Eriksson et al., , 1998 led to their regulation in Canada, inclusion to the Stockholm Convention, and voluntary production and use phase-outs by their major North American producer (Hess, 2003) . More than 95% of the PBDEs measured in fish from the Great Lakes and other Canadian lakes consist of tetra-, penta-, and hexabrominated diphenyl ethers (Gewurtz et al., 2011b) . From 2008 to 12, the average concentration of the sum of tetra-, penta-, and hexa-BDEs were highest in Lake Ontario (85 ng/g) followed by Superior (63 ng/g), Michigan (55 ng/g), Huron (43 ng/g) and the lowest concentrations were in Lake Erie (18 ng/g). Among the three major BDE homologues, tetra-BDEs are found at the highest concentrations and ranked in the top 15 contaminants in each of the lakes followed by penta (top 20) and then hexa homologues (top 30) (Figs. 1e5) . Highly brominated BDEs, (octa-, nona-and deca-BDEs) are frequently not detected in fish and when present above detection limits are measured at very low levels relative to other PBDEs (Gewurtz et al., 2011b) . The ratios of tetra:penta:hexa BDEs in each of the lakes were similar and on average 6:3:1. A recent investigation has shown that this ratio may be shifting toward higher brominated congeners in very recent years and additional investigation is required in order to validate the presence and cause for this apparent shift . Levels of tetra-, penta-, and hexa-BDEs appear to have plateaued in Great Lakes fish in the early 2000s and levels are beginning to decline across the basin Environment Canada, 2015) . Average concentrations from 2008 to 12 did not exceed the Canadian Federal Environmental Quality Guideline (FEQG) for fish tissue for tetra-(88 ng/g) or hexa-BDE (420 ng/g) but exceeded the fish tissue FEQG for penta-BDE (1.0 ng/g) in every lake (Environment Canada, 2015). FEQGs have also been developed for fish as mammalian wildlife diet. These diet guidelines were exceeded in Lake Ontario for tetra-BDE (44 ng/g), all lakes for penta-BDE (4 ng/g), and all lakes except Erie for hexa-BDE (4 ng/g).
Perfluorinated compounds (PFCs)
Perfluorinated compounds (PFCs) are, or have been, used as surfactants in manufacturing processes, grease and stain repellants on textiles, in aqueous firefighting foams, and in personal care products (Buck et al., 2011; De Silva et al., 2012) . Several PFCs are recognized as chemicals of environmental concern due to their persistence, presence in the global environment, and the tendency of some compounds to bioaccumulate (Conder et al., 2008; Gewurtz et al., 2013; Giesy and Kannan, 2001; Vecitis et al., 2010) . Of the perfluorinated compounds being monitored in Great Lakes fish by Environment Canada and the United States Environmental Protection Agency, the most abundant compound measured is perfluorooctane sulfonate (PFOS). Between 2008 and 2012, PFOS concentrations were, on average, highest in Lake Trout and Walleye in Lake Erie (70 ng/g), followed by Lake Trout in Ontario (54 ng/g), Huron (27 ng/g), Michigan (12 ng/g) and lowest in Lake Superior (3.7 ng/g). The remaining PFCs monitored were measured at lower concentrations, the magnitude of which varied widely across the basin. In Lake Superior the next most abundant PFC was perfluorotridecanoic acid (PFTrA) which was 2.1 times lower than PFOS. In Lake Michigan, perfluorobutanoic acid (PFBA) was measured at a concentration 8.3 times lower than PFOS. In Lake Erie, perfluorodecanoic acid (PFDA) was 17 times lower than PFOS. Finally in lakes Huron and Ontario, perfluoroundecanoic acid (PFUnA) was at levels that were 5.4 and 31 times lower, respectively, than PFOS in fish. The concentration patterns across the Great Lakes Basin closely matches human population densities which should be expected based on the use of PFCs in consumer products (Gewurtz et al., 2013; Houde et al., 2006) . In Lake Ontario, levels of PFCs measured in Lake Trout have stopped increasing in response to the industry production phase-outs in 2000e2002 and declines have yet to be observed (Gewurtz et al., 2012) . There are currently no binational targets or guidelines for PFOS or other PFCs in fish from the Great Lakes. Canada has developed environmental quality guidelines for both the levels present in fish and for wildlife consumers of fish (Environment Canada, 2013a) . From 2008 to 12 there were no exceedances of the fish tissue guidelines; however, the guidelines for mammalian (4.6 ng/g) or avian (8.2 ng/g) wildlife diet were frequently exceeded.
Polychlorinated alkanes (PCAs)
Often referred to as chlorinated paraffins, polychlorinated nalkanes (PCAs) are complex mixtures of compounds classified by the length of the alkane chain. These compounds are used as additives in lubricants, metal cutting fluids, paints and plastics and they have flame retardant properties (EC 2008d) . A recent study on the levels of PCAs in fish from Canadian lakes showed that fish from the Great Lakes (excluding Lake Michigan) had higher levels of the medium chain (C14eC17) PCAs (MCPCAs) than short chain (C10eC13) PCAs (SCPCAs) (Saborido Basconcillo et al., 2015) . The levels of MCPCAs were very similar at~12 ng/g in fish from lakes Ontario, Erie and Huron and 4.0 ng/g in Lake Superior. In the same fish, SCPCAs were measured to be between 3.0 and 5.0 ng/g. In the Great Lakes, MCPCAs were among the 20 and SCPCAs were among the 25 most abundant chemicals measured in Lake Trout and Walleye (Figs. 1e5) . The levels of SPCAs in fish from Lake Ontario appear to be declining, however levels of MPCAs have remained unchanged (Ismail et al., 2009; Saborido Basconcillo et al., 2015) . SCPCAs have been recommended to the Persistent Organic Pollutants Review Committee (POPRC) for listing as POPs under the Stockholm Convention, are included in the Toxic Substances Control Act (TSCA) by the USEPA and both the SCPCAs and MCPCAs have been proposed for virtual elimination under the Canadian Environmental Protection Act (CEPA, 1999) . At present, there are no binational environmental quality targets or guidelines for levels of PCAs in fish from the Great Lakes.
Other flame retardants and alkylphenols
The remaining compounds that were included in this summary were the brominated flame retardant hexabromocyclododecane (HBCDD), the organophosphate flame retardant tris (2butoxyethyl) phosphate (TBOEP), and two alkylphenol ehtoxylate (NPEs) compounds: 4-nonylphenol (NP) and 4-nonylphenyl diethoxylate (NP2EO). These compounds are reported only in fish from Lakes Ontario (HBCDD, TBOEP, NP, NP2EO) and Erie (TBOEP) as fish from these lakes were selected for preliminary screening for these substances and thus they have not as of yet been measured in fish from elsewhere in the Great Lakes Basin.
HBCDD is a high production flame retardant used mainly in polystyrene foams and became a common alternative to PBDEs (Covaci et al., 2006) . HBCDD was recently added to the list of POPs under the Stockholm Convention and has been recommended as a (GLWQA, 2012) . Of the three isomers measured (a, b, and g), a-HBCDD is the most abundant isomer present in fish tissues. Levels of a-HBCDD in Lake Trout from Lake Ontario were on average 4.7 ng/g from 2008 to 2012 (Fig. 1) . The observed concentrations are at the high range of levels reported for the same location in a previous study of HBCDD in Lake Ontario (Ismail et al., 2009) ; however, observed levels were lower compared to wet weight concentrations reported in eel collected from Dutch freshwaters (range ¼ <0.100e230 ng/g) (van Leeuwen and de Boer, 2008) . On a lipid weight basis the levels observed in Lake Ontario trout were on average (±stdev) 26 ± 14 ng/g lw, which again were at the low end of concentration ranges reported in a review of freshwater and marine fish (Covaci et al., 2006) . There are currently no environmental targets or guidelines in Canada or the USA for HBCDD in fish tissues and additional monitoring is required to establish recent temporal trends in the Great Lakes.
The use and production of certain organophosphate flame retardants (OPFR), a group of chemicals which includes TBOEP, is increasing, coincident with the regulation and phase-out of PBDEs (Reemtsma et al., 2008) . TBOEP was one of two OPFR compounds, the other being tris(2-chloroethyl) phosphate (TCEP), frequently detected in Canadian fish at low (<10 ng/g ww) levels (McGoldrick et al., 2014b) . Fish from the Great Lakes had the highest concentrations of TBOEP reported in the preceding study which is consistent with the use of the compound in floor polishes and waxes and the dense human population of the basin (van der Veen and de Boer, 2012). TCEP was not measured above detection limits in fish from the Great Lakes. In the study (McGoldrick et al., 2014b) , recommended that future monitoring of these compounds in fish focus on potential metabolites and environmental degradation products based on the low concentrations of parent compounds observed in fish relative to other environmental media. TBOEP has not been regulated or assessed for environmental risk in Canada or the USA.
NPEs are common ingredients in detergents, emulsifiers and dispersing agents in household, industrial and agricultural products, thus, waste water treatment plant effluents are a primary route of release to the environment (Kannan et al., 2003) . The NPEs detected in fish from Lake Ontario, NP & NP2EO, are degradation products of the parent NPEs as they pass through waste water treatment plants (Bennie et al., 1998) . The average concentration of NP in Lake Ontario Lake Trout was 14 ng/g ww which is within the range of concentration reported in fish tissues from rivers in Michigan USA (<3.3e29.1 ng/g ww; Keith et al., 2001) , and Lake Biwa in Japan (<10e110 ng/g ww; Tsuda et al., 2000) . NP and its ethoxylates are listed as toxic substances under CEPA, 1999 and Canada has developed a risk management strategy to reduce releases to the environment from WWTPs through reductions of NPEs in cleaning product formulations, textile wet processing aids and pulp and paper processing aids (EC 2004) . In 2010, EPA announced an Action Plan for NP and NPE based upon their initial review of readily available use, exposure, and hazard information. The Action Plan proposes several actions under the Toxic Substances Control Act (TSCA) and the Emergency Planning and community Right To Know Act (EOCRA) as well as voluntary actions under the US EPA Design for the Environment Program (DfE) (USEPA 2010) . There are few studies that report the levels of NPEs in fish and there have been no published reports of past levels NPEs in fish from the Great Lakes with which to compare the concentrations reported here. Additional analyses on preserved specimens would answer whether concentrations in fish have declined in response to regulatory actions. There are currently no environmental targets or guidelines for NPEs in fish in Canada or the USA. NPEs were considered as Chemicals of Mutual Concern under Annex 3 of the GLWQA (GLWQA, 2012); however, there was insufficient information from the Great Lakes on which to base a recommendation.
Summary
Concentrations of legacy organic pollutants continue to dominate the total chemical composition of Great Lakes top predator fish, as assessed by long term monitoring programs. Relative rankings of concentrations varied slightly by lake due to differences in environmental and physical conditions across the basin as well as to historical inputs and sources. For example, fish in Lake Ontario contain more mirex and fish in Lake Superior contain more toxaphene than in other lakes which results in greater contributions of OC pesticides to overall contaminant burdens in these lakes. Despite these differences, the contaminant burdens of top predator fish across the Great Lakes basin are mostly dominated by two other legacy POPs (PCBs and DDT), and mercury. Observed concentrations of recently emerged contaminants, such as PBDEs and PFCs, are not as high as observed for the legacy POPs. This observation is likely due to faster mitigation of these chemicals through mandatory or voluntary elimination of production which resulted in shorter periods of use in which to build large inventories in environmental reservoirs (i.e. sediments). It is important to note that, although still present, the levels of legacy POPs and newer contaminants are slowly declining or have stabilized in the tissues of Great Lakes top predatory fish (Bhavsar et al., 2010; Chang et al., 2012; Crimmins et al., 2012; Gewurtz et al., 2012) . Basin wide, there are variations in chemical concentrations that are lake specific which are likely dependant, in part, on differences in anthropogenic inputs as well as physio-chemical characteristics, hydrological and climatic conditions, as well as differences in the biological composition of fish communities and associated food webs of the five Great Lakes. Evaluation of chemicals for their concentration and trends are an important part of monitoring and surveillance programs and critical to resource managers in evaluating success in maintaining a healthy ecosystem. However, it is also useful to compare observed environmental concentrations to relevant ecological benchmarks or criteria to assess environmental quality or progress toward ecosystem objectives. Analyses, such as the ones presented here, can serve to highlight contaminants that are present at high concentrations which currently lack ecosystem objectives for fish tissues, such as chlordane and related compounds and the cyclic siloxane D5. The data generated by long term monitoring programs can also help evaluate ongoing mitigation measures, optimize parameter lists for monitoring and surveillance activities to make best use of available resources as well as to identify potential contaminants of concern under agreements such as the GLWQA and Stockholm Convention. 
